1. Introduction {#sec1-ijms-20-04976}
===============

Folding into a defined three-dimensional structure is crucial for proteins to achieve functional activity in the cell. Proteins often fail to preserve their structure when cells are exposed to stress, such as high temperature, toxic chemicals, and others. These factors often lead to protein misfolding and formation of protein aggregates \[[@B1-ijms-20-04976]\]. Accumulation of these aggregates is a burden for the cell, since it leads to major dysregulation of cellular metabolism \[[@B2-ijms-20-04976]\]. Protein aggregates can be found in at least 30 different human diseases, including various neurodegenerative diseases. A recent study on a mouse model of Alzheimer's disease (AD) provides compelling evidence that the presence of insoluble tau in neuronal cells alters the solubility of hundreds of other proteins, causing an overall failure of cell homeostasis \[[@B3-ijms-20-04976]\].

Molecular chaperones and their co-chaperones are proteins that assist other proteins in proper folding into three-dimensional structures to attain functionality. The key role of molecular chaperones is to prevent protein aggregation, especially under conditions of cellular stress. Expression of chaperones is often induced by heat shock, oxidative stress, toxic chemicals, or inflammation \[[@B4-ijms-20-04976]\]. During aging, the imbalance between chaperone/co-chaperone levels and activity in neurons seems to be responsible for a decline in protein folding \[[@B5-ijms-20-04976]\]. Thus, in general, one may assume that this imbalance contributes to the development of age-related neurodegenerative diseases.

Hsp90 is an essential protein in all eukaryotes, and a major regulator of protein folding in the cell \[[@B6-ijms-20-04976]\]. Extensive research provides a bulk of evidence to support a decisive role of Hsp90 and its co-chaperones in folding and degradation of hallmark proteins involved in various neurodegenerative diseases \[[@B7-ijms-20-04976]\]. Thus, in this review we focus on the role of Hsp90 and its selected co-chaperones in these disorders, in particular in AD, Parkinson's disease (PD), Huntington's disease (HD), and prionopathies. Also, we outline some beneficial in vitro effects of Hsp90 inhibitors which, in the future, might be useful in therapeutic approaches.

2. Hsp90---A Basic Overview {#sec2-ijms-20-04976}
===========================

Hsp90 is highly abundant in eukaryotic cells and accounts for 1--2% of total cellular proteins. Under stress conditions the amount of this protein can increase, even up to 4--6% \[[@B8-ijms-20-04976],[@B9-ijms-20-04976],[@B10-ijms-20-04976]\]. Its protein sequence is highly phylogenetically conserved from bacteria to humans \[[@B8-ijms-20-04976]\]. In the cell, Hsp90 associates with various substrate proteins, collectively called clients. Hsp90 is responsible for their proper maturation, activation and degradation. Essentially, most Hsp90 clients, including tau, α-synuclein, huntingtin, kinases, transcription factors, steroid hormone receptors, and E3 ubiquitin ligases, are structurally unrelated \[[@B8-ijms-20-04976],[@B11-ijms-20-04976],[@B12-ijms-20-04976],[@B13-ijms-20-04976],[@B14-ijms-20-04976]\]. Many of these proteins are regulators of different cellular processes, such as protein folding and degradation, cell growth, chromatin remodeling, cellular trafficking, differentiation, and others \[[@B6-ijms-20-04976]\]. A current list of Hsp90 clients can be found at <https://www.picard.ch/downloads/Hsp90interactors.pdf>. In mammals, there are two major cytoplasmic isoforms of Hsp90, a stress inducible Hsp90α, and a constitutive Hsp90β. Hsp90 homologs are also present in other cellular compartments, for instance Grp94 in the endoplasmic reticulum, or Hsp75/TRAP1 in the mitochondrial matrix \[[@B15-ijms-20-04976]\]. Structurally, Hsp90 contains three domains: the N-terminal ATP-binding domain, middle domain, and the C-terminal dimerization domain. The Hsp90 dimer undergoes conformational changes, distinct conformations being stabilized by interactions with co-chaperones and ATP. ATP hydrolysis drives the Hsp90 chaperoning cycle, and is essential for proper folding of the client proteins \[[@B16-ijms-20-04976],[@B17-ijms-20-04976],[@B18-ijms-20-04976]\].

Hsp90 can also be regulated by other factors such as heat shock factor (HSF1), or post-translational modifications (PTMs) \[[@B19-ijms-20-04976],[@B20-ijms-20-04976],[@B21-ijms-20-04976],[@B22-ijms-20-04976]\]. HSF1 is a major regulator of heat shock response in eukaryotes \[[@B23-ijms-20-04976]\]. When repressed, HSF1 is associated with Hsp90 but during stress HSF1 is released, homotrimerises and binds to heat-shock-factor elements (HSE) on the promoter sequence of gene encoding Hsp90. In consequence this association leads to rapid up-regulation of Hsp90 \[[@B24-ijms-20-04976]\]. PTMs, namely phosphorylation, acetylation, S-nitrosylation, oxidation, described and reviewed in detail elsewhere, represent another mechanism regulating Hsp90 activity \[[@B20-ijms-20-04976],[@B21-ijms-20-04976],[@B22-ijms-20-04976]\]. PTMs lead to alterations in client/co-chaperone recognition and binding. Also, Hsp90 domain organization is subject to conformational changes due to PTMs \[[@B19-ijms-20-04976],[@B25-ijms-20-04976],[@B26-ijms-20-04976]\]. The most studied and important is phosphorylation. This modification has been proposed to positively influence maturation of some clients, while hyperphosphorylation is negatively correlated with Hsp90 chaperone activity in vivo \[[@B19-ijms-20-04976],[@B27-ijms-20-04976]\]. Other modifications, namely acetylation and S-nitrosylation, halt the strong interaction between Hsp90 and client proteins, sometimes leading to client destabilization and degradation \[[@B25-ijms-20-04976],[@B28-ijms-20-04976],[@B29-ijms-20-04976]\]. Another type of Hsp90 regulation, which includes co-chaperones, relies on mediation of Hsp90 ATPase activity. Generally, co-chaperones are proteins capable of interacting with Hsp90 and assisting its function, while they do not rely on Hsp90 for their own folding and stability. Interestingly, unlike other forms of Hsp90, cytosolic Hsp90 depends on co-chaperones' help in regulation of ATPase hydrolysis. The list of Hsp90 co-chaperones could be found at <https://www.picard.ch/downloads/Hsp90interactors.pdf>, while the list of co-chaperones mentioned/described in this review is placed in [Table 1](#ijms-20-04976-t001){ref-type="table"}.

3. Hsp90 and its Co-Chaperones in AD {#sec3-ijms-20-04976}
====================================

AD is a progressive neurodegenerative disorder characterized by cognitive impairment accompanied by language, visuospatial, and motor dysfunctions \[[@B30-ijms-20-04976]\]. The histopathological hallmark of AD is the extracellular accumulation of amyloid-β (Aβ) in senile plaques and formation of intracellular neurofibrillary tangles (NFTs) \[[@B31-ijms-20-04976]\]. Amyloid plaques consist of β-amyloid (Aβ) peptides, which are derived as a result of cleavage of the amyloid precursor protein (APP) \[[@B32-ijms-20-04976]\]. NFTs are composed of the microtubule-associated protein, tau \[[@B33-ijms-20-04976]\]. It was generally accepted that in neurons the physiological function of tau is to stabilize microtubules \[[@B34-ijms-20-04976],[@B35-ijms-20-04976],[@B36-ijms-20-04976]\], until recent studies have suggested that rather than stabilizing, tau helps microtubules to achieve greater length \[[@B37-ijms-20-04976]\]. Apparently, the physiological function of tau still remains unclear. Under pathological events in the brain, this protein becomes hyperphosphorylated and susceptible to misfolding and dissociation from microtubules. This is followed by formation of abnormal tau aggregates and their polymerization into NFTs \[[@B38-ijms-20-04976]\]. Hyperphosphorylated tau is detected in the brain of adolescent animals, and its level increases in the fibrillary form throughout aging \[[@B39-ijms-20-04976]\]. Another research on a mouse model of tauopathy shows that abnormal tau phosphorylation is the main cause of cognitive decline, and that Hsp90, together with its co-chaperones, is able to regulate tau phosphorylation and dephosphorylation \[[@B40-ijms-20-04976],[@B41-ijms-20-04976]\]. Some other work demonstrates that inhibition of Hsp90 causes a decrease in phosphorylation of tau; importantly, the effect does not lead to HSF1 activation \[[@B42-ijms-20-04976]\]. Furthermore, several lines of investigation support the idea that Hsp90 regulates tau phosphorylation status in an indirect way that is through stabilization of tau kinases \[[@B43-ijms-20-04976],[@B44-ijms-20-04976]\]. Hyperactivation of tau kinases is thought to contribute to tau pathogenesis \[[@B45-ijms-20-04976]\]. Accordingly, it has been suggested that Hsp90 inhibition is a promising way to reduce the activity of tau kinases \[[@B46-ijms-20-04976]\]. In cellular and mouse models of tauopathy it was found that inhibition of Hsp90 leads to reduction in the activity of the Cdk5 tau kinase and, subsequently, in the level of tau aggregates \[[@B47-ijms-20-04976]\]. It is well known that not only kinases but also phosphatases are important for maintaining a proper level of phosphorylated tau. For example, PP5 and CacyBP/SIP phosphatases, which also serve as Hsp90 co-chaperones, can dephosphorylate tau \[[@B48-ijms-20-04976],[@B49-ijms-20-04976]\]. One study has suggested that reduction in PP5 activity in an AD brain may contribute to hyperphosphorylation of tau \[[@B48-ijms-20-04976],[@B50-ijms-20-04976]\]. It cannot be excluded that increase in tau phosphorylation during aging may be due to the loss of activity of these phosphatases.

Phosphorylation of tau can also be regulated by a Hsp90 co-chaperone, Cdc37, which co-localizes and interacts with tau in the human brain. It was found that knock-down of Cdc37 in HeLa cells might influence the stability of tau kinases, such as Cdk5 and Akt. Supporting this finding, suppression of Cdc37 destabilizes tau and leads to its clearance, whereas Cdc37 overexpression maintains tau level in these cells. The level of Cdc37 significantly increases with age and it has been suggested that this change contributes to the tau phosphorylation profile, consequently altering toxicity and stability of this protein \[[@B51-ijms-20-04976]\].

It is worth mentioning that tau may adopt many transitional conformations and each of these conformations may have a toxic potential \[[@B52-ijms-20-04976]\]. Thus, it is essential to execute mechanisms to cleave abnormal tau in neuronal cells. One of these mechanisms involves the CHIP protein, a Hsp90 co-chaperone, which mediates degradation of abnormal/modified tau due to its E3 activity. In HeLa cells CHIP triggers ubiquitination of tau via the ubiquitin-proteasome proteolytic pathway \[[@B42-ijms-20-04976],[@B53-ijms-20-04976]\]. Also, another co-chaperone, STI1/Hop, which helps to orchestrate the Hsp70-Hsp90 complex, plays a crucial role in the clearance of tau protein. Loss-of-function mutations in the gene encoding STI1/Hop trigger toxic tau accumulation in the fly model of tauopathy \[[@B54-ijms-20-04976]\]. There are also some data showing that in AD the level of Sgt1, another Hsp90 co-chaperone, is lower \[[@B55-ijms-20-04976]\]. Altogether, these results suggest that age-related loss of function/activity of some co-chaperones may be essential for maintaining brain homeostasis and for etiology of neurodegenerative diseases.

Another class of Hsp90 co-chaperones is represented by proteins that can specifically rearrange folding at proline residues. To this class belong immunophilins, such as FKBP51 or FKBP52. Notably, proline residues, which have a high potential for aggregation, are abundant among intrinsically disordered proteins; for example, tau has 40 such residues \[[@B11-ijms-20-04976]\]. One study identifies FKBP51, unlike other co-chaperones, to be significantly up-regulated in aged and AD brains \[[@B56-ijms-20-04976]\]. Some other data indicate that FKBP51 is involved in tau stabilization \[[@B57-ijms-20-04976],[@B58-ijms-20-04976]\].

In contrast to FKBP51, the level of FKBP52 is abnormally low in AD brains \[[@B59-ijms-20-04976]\]. When the gene expressing FKBP51 was knocked-down in HeLa cells, a dramatic decrease in total tau level, compared to control or FKBP52 siRNAs, was observed. FKBP51 overexpression caused an increase in phosphorylated tau and total tau level (by 80%) in cells cultured in vitro, while FKBP52 overexpression had no effect. It has also been speculated that FKBP51 might maintain tau by impairing its ubiquitination. Further support for this idea is provided by the observation that in cells with stable tau and FKBP51 overexpression, tau ubiquitination is decreased \[[@B57-ijms-20-04976]\]. FKBP52 is detected together with tau in the autophagy-endolysosomal system in some AD neurons, and a decrease in FKBP52 correlates with NFT formation. Additional experiments utilizing tau-inducible neuroblastoma SH-SY5Y cells demonstrate a release of FKBP52 from the cell under an inhibition of autophagy. These findings explain the correlation between early neuronal accumulation of the pathological form of tau, and abnormal release of FKBP52 from NFT negative neurons in AD brains \[[@B59-ijms-20-04976]\]. This suggests that FKBPs may be promising drug targets in AD therapy; the drug design, however, will certainly have to overcome challenges presented by FKBPs structural homology. Nonetheless, specific FKBPs can be targeted, owing to a substantial diversity in the conformational flexibility of protein domains \[[@B60-ijms-20-04976]\]. Several studies demonstrate that acute treatment with an inhibitor of immunophilins restores memory function in cognitively impaired animals. This work has been performed on a well-established model of AD and on wild type mice acutely injected with Aβ oligomers \[[@B61-ijms-20-04976],[@B62-ijms-20-04976],[@B63-ijms-20-04976]\]. Another study from the same research group demonstrates significant reduction in the incidence of AD in patients treated with FK506 \[[@B64-ijms-20-04976]\]. Similarly to the effect observed for FKBP52, depletion of another Hsp90 co-chaperone, p23, caused a significant decrease in total and phosphorylated tau level in human cells \[[@B42-ijms-20-04976]\].

Microglia plays a central role in the pro-inflammatory response in AD. In order to understand Hsp90 contribution to immune response in AD, researchers studied the effect of exogenous recombinant Hsp90 on isolated microglial cultures from rat and mouse brains. It was found that Hsp90 increased phagocytosis in microglia and, subsequently, promoted the clearance of Aβ. This effect is achieved through induction of IL-6 and TNFα production and activation of TLR4 \[[@B65-ijms-20-04976]\]. Notably, Hsp90 seems to have a dual effect. Activation of microglia leads to lower Aβ accumulation due to an increase in Aβ phagocytosis, clearance, and degradation, which prevents the formation of amyloid plaques in the brain. Chronic microglial activation, which is a hallmark of AD, leads to the release of pro-inflammatory cytokines, which initiate a pro-inflammatory cascade and contribute to neuronal damage \[[@B66-ijms-20-04976]\].

There are several studies in vitro on the influence of Hsp90 and its co-chaperones on tau aggregation. Aha1, a co-chaperone which stimulates Hsp90 ATPase activity, enhances tau aggregation in vitro and increases accumulation of oligomeric and insoluble tau in a mouse model of this disease. Moreover, inhibition of Aha1 reduced tau accumulation in cultured cells. Also, overexpression of Aha1 in a mouse model caused neuronal loss and cognitive impairments \[[@B11-ijms-20-04976]\]. Interestingly, another in vitro study suggests a role of Hsp90 in blocking Aβ aggregation at early stages. Monomeric Aβ and its oligomers were more susceptible to Hsp90 influence, while fibrils were less affected \[[@B67-ijms-20-04976]\].

4. Hsp90 and its Co-Chaperones in PD {#sec4-ijms-20-04976}
====================================

PD is the second most common neurodegenerative disorder after AD. It is characterized by a progressive loss of dopaminergic neurons in substantia nigra, and accumulation of toxic α-synuclein aggregates in specific inclusions called Lewy bodies (LB). Clinical signs of PD are progressive cognitive decline, accompanied by slowed movement (bradykinesia), rigid muscles, impaired posture and balance, loss of automatic movements. Majority of PD cases are sporadic, however, some are due to heritable causes, including those caused by mutations in genes encoding α-synuclein, parkin, protein deglycase/Parkinson's disease protein 7, Pink1, LRRK2, and VPS35 \[[@B68-ijms-20-04976]\].

The *α*-synuclein is the product of *SNCA* gene, and the main component of Lewy bodies (LB) and Lewy neurites (LN). Mutations in *SNCA* (duplications, triplications, or point mutations) might be responsible for certain cases of sporadic PD, or even cause autosomal dominant forms of PD \[[@B69-ijms-20-04976]\]. Interestingly, in LB, LN, and in glial cell inclusions, Hsp90 co-localizes with α-synuclein. Also, Hsp90 level is increased in PD brains, and correlates with increased level of insoluble α-synuclein \[[@B70-ijms-20-04976]\]. In agreement with this study are the results obtained by another group demonstrating the presence of Hsp90 and its co-chaperone, CHP-1, in LB. Interestingly, another co-chaperone, Sgt1, was not found in LB, suggesting distinct roles of these two co-chaperones in the pathogenesis of PD \[[@B71-ijms-20-04976]\]. In yeast, it was found that deletion of Hsp90 (Hsp82) promoted α-synuclein toxicity, specifically by increasing reactive oxygen species (ROS) accumulation \[[@B72-ijms-20-04976]\].

An in vitro study concerning the influence of Hsp90 on α-synuclein demonstrates that in the presence of Hsp90-ATP, α-synuclein oligomers fail to accumulate due to their rapid transformation into fibrils. On the other hand, when ATP is absent, the conversion from the oligomer to fibril state is limited. Thus, authors of this work speculate that inhibition of the Hsp90-ATP cycle by some co-chaperones, such as p23 or STI1/Hop, might promote the formation of soluble oligomers, while stimulation by Aha1 might trigger amyloid fibril formation \[[@B73-ijms-20-04976]\]. A recent study of another research group has revealed that, in vitro, recombinant Hsp90 prevents α-synuclein from aggregating in an ATP-independent manner \[[@B12-ijms-20-04976]\]. Clearly, Hsp90 has an influence on α-synuclein transformation in vitro, however, a number of questions regarding the role of ATP in this process remain to be addressed.

An early study provided evidence that Hsp90 formed a complex with LRRK2 kinase in vivo, and that Hsp90 inhibition disrupted the association with LRRK2, leading to its proteasomal degradation \[[@B74-ijms-20-04976]\]. Another study pointed out that complex formation between Hsp90 and its co-chaperone, Cdc37, plays a crucial role in LRRK2 stabilization. To pursue this further, microglial cell line has been treated with different inhibitors to target the interaction between Hsp90 and Cdc37. Such treatment resulted in disruption of the Hsp90-Cdc37 complex with LRRK2 kinase, consequently leading to destabilization and clearance of LRRK2 \[[@B75-ijms-20-04976]\]. It has been shown that the Hsp90-Cdc37 complex influences the subcellular distribution of its client protein, Pink1 \[[@B76-ijms-20-04976]\]. Another study has indicated that Pink1 level was greatly decreased, reflecting its rapid degradation via the ubiquitin-proteasome pathway, upon treatment with Hsp90 inhibitors, geldanamycin, or novobiocin \[[@B77-ijms-20-04976]\]. A recent study on human fibroblasts suggests that, upon mitochondrial damage, a pathogenic mutated Pink1, p.I368N, has impaired ability to interact with the Hsp90-Cdc37 complex. This mutant is unstable, which results in the loss of mitochondrial quality control \[[@B78-ijms-20-04976]\]. Mutation in the gene encoding Pink1 leads to fatal changes in mitochondrial metabolism, and contributes to selective degeneration of dopaminergic neurons in PD. Until now, the mechanism of this phenomenon remains unclear. Furthermore, it was found that mutations in mitochondrial Pink1 and in the cytosolic parkin, are a cause of autosomally-inherited parkinsonism. Pink1 and parkin together were found to mediate response to mitochondrial stress; they protect the cell from the accumulation of damaged mitochondria \[[@B79-ijms-20-04976]\].

Recently, it was proposed that Hsp90 co-chaperone, p23, contributes to the neurotoxicity in PD. Importantly, p23 knock-down in cultured dopaminergic cells prevented MPP+-mediated neurotoxicity \[[@B80-ijms-20-04976]\].

5. Hsp90 in HD {#sec5-ijms-20-04976}
==============

HD is an inherited neurodegenerative disorder, an autosomal dominant disease caused by a CAG trinucleotide repeat expansion in exon 1 of the gene encoding huntingtin (*HTT*). During protein synthesis, these expanded CAG repeats are translated into a series of uninterrupted glutamine residues forming a polyQ tract. PolyQ-expanded HTT is highly prone to aggregation and tends to form inclusion bodies, which are associated with neuronal toxicity/degeneration \[[@B81-ijms-20-04976]\].

It has been reported that Hsp90 interacts with the N-terminus of HTT \[[@B13-ijms-20-04976]\] and together with USP19, modulates aggregation of polyglutamine-expanded ataxin-3 and HTT \[[@B82-ijms-20-04976]\]. Another study provides evidence that there is a physical interaction between wild-type HTT or mutated HTT (mHTT) and Hsp90. Under Hsp90 inhibition, the interaction between these proteins is disrupted, and HTT is cleaved through the ubiquitin-proteasome system \[[@B83-ijms-20-04976]\]. Also, the same study proves that direct inhibition of Hsp90 is crucial for mHTT degradation, and that the effect is due to Hsp90, and not to heat shock response induction and Hsp70 up-regulation. A recent study is in agreement with these data, and indicates that Hsp90 inhibitors may decrease mHTT level in neuroblastoma SH-SY5Y cells \[[@B84-ijms-20-04976]\].

6. Hsp90 and Its Co-Chaperones in Prionopathy {#sec6-ijms-20-04976}
=============================================

Prion diseases are caused by variants of the prion protein which have abnormal shapes. They manifest as different forms of Jakob-Creutzfeldt disease in humans, chronic wasting disease and various forms of scrapie in animals. The human prion protein, PrP, is a small cell-surface glycoprotein. Under physiological conditions, PrP is referred to as PrP^c^, where "^c^" stands for "cellular". After transformation, PrP becomes highly infectious and is called PrPsc, where "sc" refers to \"scrapie\" \[[@B85-ijms-20-04976]\]. The physiological role of PrPc is still under investigation. It has been proposed that it can be involved in protection against stress, copper homeostasis, and neuronal excitability. However, these roles of PrPc seem doubtful in the light of recent work, which provides evidence that PrPc is involved in regulation of myelin maintenance, and in processes linked to cellular differentiation, proliferation, adhesion, and control of cell morphology. Also, there is some possible involvement of PrPc in modulation of the circadian rhythm, glucose homeostasis, immune function, and cellular iron uptake \[[@B86-ijms-20-04976]\].

There is extensive experimental evidence of the effect of a Hsp90 co-chaperone, STI1, on PrPc. An early study reported that cellular STI1 associates with recombinant PrP, and both proteins co-immunoprecipitate from HEK 293T cells. Authors used also retinal explants from neonatal rats and mice to induce cell death, and to test a possible protective effect of STI1. They proposed that cooperation between PrPc and STI1 may have a functional influence concerning sensitivity to cell death within the nervous tissue \[[@B87-ijms-20-04976]\]. Another study has suggested that PrPc and STI1 are expressed abundantly, and co-localize in mouse hippocampal neurons. Treatment of primary hippocampal culture with recombinant wild-type STI1 induced neuroprotection, and promoted the process of neuritogenesis \[[@B88-ijms-20-04976]\]. STI1 was also reported to prevent cell death in wild-type astrocytes in a protein kinase A-dependent manner \[[@B89-ijms-20-04976]\]. Subsequently, another study has proposed that STI1 is a potential target of PrPc and that in hippocampal neurons STI1-PrPc cooperation may induce an increase in intracellular Ca2+ level. An inhibitor of the α7nACh receptor, α-bungarotoxin, was able to block PrPc-STI1-mediated signaling, leading to a decrease in neuroprotection and neuritogenesis. Importantly, when the α7nACh receptor was transfected into HEK 293 cells, it formed a functional complex with PrPc and endorsed restoration of the signaling via the PrPc-STI1 complex \[[@B90-ijms-20-04976]\]. Another study on hippocampal neurons focused on the cellular impact behind the interaction between PrPc and STI1. It has been shown that the PrPc-STI1 complex activates protein synthesis, through the PI3K-Akt-mTOR and ERK1/2 pathways. Also, the authors proposed that regulation of protein synthesis is critical for PrPc-STI1 neurotrophic functions. Impairment of this process during PrPsc infection propagation could possibly contribute to neurodegeneration \[[@B91-ijms-20-04976]\].

It is important to consider similarities shared by AD and prion diseases. The co-existence of AD-type pathology in Jakob-Creutzfeldt disease cases was reported early on \[[@B92-ijms-20-04976]\]. PrPC has been shown to co-localize with Aβ in senile plaques \[[@B93-ijms-20-04976]\]. PrPc-Aβ plaques were shown to be present in most Jakob-Creutzfeldt disease patients with associated AD-type pathology \[[@B94-ijms-20-04976]\], and it has been proposed that PrPc may promote Aβ plaque formation \[[@B95-ijms-20-04976]\]. Studies in vitro, utilizing recombinant proteins, pointed out that Hsp90 can modify the conformation of PrPc in the presence of ATP, and it might be required for conformational transition from the physiological PrPc to the infectious PrPsc form \[[@B96-ijms-20-04976]\]. Another study found an age-dependent up-regulation of cortical STI1 in a mouse model of AD, and in the brains of AD-affected individuals. The authors reported that oligomers of Aβ, STI1 and PrP co-existed in a complex. Furthermore, STI1 could efficiently inhibit binding of Aβ oligomers to PrP in vitro, and to cultured mouse primary hippocampal neurons. Treatment with STI1 prevented the Aβ oligomer-induced synaptic loss, neuronal death, and inhibition of long-term potentiation \[[@B97-ijms-20-04976]\].

In yeast, STI1 was shown to influence \[PSI+\] prion. It was found that cells expressing STI1, and defective in Hsp70 or Hsp90, were cured less efficiently than control cells. The Hsp90 inhibitor, radicicol, abolished curing, supporting the notion that the effect of STI1 is exerted through interaction with Hsp70 and Hsp90 \[[@B98-ijms-20-04976]\]. One in-depth study on a yeast model of prionopathy pointed out the role of Hsp90 and its co-chaperone, an immunophilin homolog, Cpr7 \[[@B99-ijms-20-04976]\]. Authors of this work showed that the yeast homolog of Hsp90, Hsp82, is indirectly involved in prion \[URE3\] maintenance through interaction with Cpr7. In order to endorse this idea, single knock-out strains of various co-chaperones were prepared. It was found that deletion of Cpr7 affected \[URE3\] stability. The authors also studied the role of the C-terminus of Hsp82 in \[URE3\] propagation. They genetically modified this region and the resulting effect was that cells expressing Hsp82 mutant, Hsp82ΔMEEVD, showed \[URE3\] loss. Importantly, these results were in agreement with a previous study which showed that immunophilins could directly interact with the substrate to assist protein folding. Similarly to Cpr7 in \[URE3\] propagation, immunophilin FKBP52, present in the human brain, induced aggregation of the pathological tau mutant, tau-P301L \[[@B100-ijms-20-04976],[@B101-ijms-20-04976]\]. Collectively, these data suggest that the role of Cpr7 in \[URE3\] propagation can be evolutionary conserved in distinct species.

7. Concluding Remarks and Therapeutic Perspectives {#sec7-ijms-20-04976}
==================================================

Aggregated proteins are the main hallmark of different pathologies, including neurodegenerative diseases. Thus, chaperones and co-chaperones, which are responsible for proper protein folding and for preventing protein aggregation, may play a crucial role in protecting cells against accumulation of pathological protein deposits. An essential chaperone and a major regulator of protein folding in all eukaryotic cells is Hsp90. As outlined in this review Hsp90 and its co-chaperones, among them CHIP, Cdc37, FKBP51, FKBP52, p23, PP5, CacyBP/SIP, Aha1, STI1/Hop, Sgt1, CHP-1, and Cpr7, seem to be involved in many cellular processes related to neurodegenerative disorders such as Alzheimer's disease, Parkinson's disease, Huntington's disease and prionopathies ([Table 2](#ijms-20-04976-t002){ref-type="table"}).

It should be mentioned that Hsp90 inhibitors are studied extensively as potential anticancer drugs, with several compounds being tested at different stages of clinical trials \[[@B102-ijms-20-04976],[@B103-ijms-20-04976]\]. Hsp90 also constitutes a potential drug target in neurological diseases that arise due to accumulation of pathologically folded proteins. The existing data indicate that inhibition of Hsp90 or its co-chaperones, Aha1 and Cdc37, leads to a decrease in formation of tau and Aβ aggregates. Hsp90 inhibition could also lead to degradation of the tau phosphorylating kinases. Of the two cytoplasmic Hsp90 isoforms, Hsp90β is present in all tissues whereas Hsp90α is expressed predominantly in testis and brain \[[@B104-ijms-20-04976]\]. The functions of the two isoforms largely overlap but there is growing evidence that each has unique clients that cannot be chaperoned by the other one \[[@B105-ijms-20-04976]\]. Recently published results indicate that it may be possible to design an Hsp90α-or Hsp90β-specific inhibitor, despite a high degree of similarity between these two isoforms \[[@B106-ijms-20-04976],[@B107-ijms-20-04976],[@B108-ijms-20-04976],[@B109-ijms-20-04976]\]. Moreover, of the two Hsp90 proteins, Hsp90α binds Aha1 and p23, which are co-chaperones that regulate its ATPase activity, more efficiently \[[@B110-ijms-20-04976],[@B111-ijms-20-04976]\]. Thus, applying inhibitors specifically targeting Hsp90α or its interaction with Aha1 might be an efficient way to control tau aggregation with limited side effects \[[@B112-ijms-20-04976]\]. As it is well known, a pathology often associated with Alzheimer's disease is chronic inflammation \[[@B113-ijms-20-04976]\]. Hsp90 interacts with components of the inflammatory process and Hsp90 inhibitors were shown to counteract inflammation \[[@B114-ijms-20-04976],[@B115-ijms-20-04976]\]. Expression of Hsp90, especially Hsp90α, is elevated at the sites of inflammation suggesting that specific targeting of this isoform may be beneficial in Alzheimer's disease \[[@B116-ijms-20-04976],[@B117-ijms-20-04976]\]. In conclusion, there are a lot of data collected so far which indicate that Hsp90 may serve as an attractive target for pharmacological intervention in neurodegenerative diseases. If so, future research should concentrate on designing specific, blood--brain barrier penetrating, inhibitors of the Hsp90 isoforms and of their co-chaperones.
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α7nAChR
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AKT

protein kinase B/serine/threonine kinase 1
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amyotrophic lateral sclerosis
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amyloid precursor protein

ATP
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Cdk5

cyclin-dependent kinase 5

IL-6

interleukin 6

ERK1/2

mitogen-activated protein kinase 1 and 2

FKBP51

FK506 binding protein 5

FKBP52

FK506-binding protein 4

HD

Huntington's disease

HSE

heat-shock-factor element
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heat shock factor 1

HTT

huntingtin

LB

Lewy bodies

LN

Lewy neurites

LRRK2

leucine-rich repeat kinase 2

MPP+
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mTOR

mechanistic target of rapamycin kinase

NFTs

neurofibrillary tangles

Parkin

E3 ubiquitin ligase

PD

Parkinson's disease

PI3K

phosphatidylinositol kinase

Pink

PTEN-induced kinase 1

PrP

prion protein

PTMs

posttranslational modifications

SNCA

α-synuclein gene

TSEs

transmissible spongiform encephalopathies

TLR4

toll-like receptor 4

TNFα

tumor necrosis factor alpha

USP19

ubiquitin-specific protease 19

VPS35

vacuolar protein sorting 35
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###### 

Selected Hsp90 co-chaperones.

  Short Name/Gene Name   Full Name
  ---------------------- ---------------------------------------------------------
  Aha1/*AHSA1*           Activator of Hsp90 ATPase activity 1
  CacyBP/SIP/*CACYBP*    Calcyclin Binding Protein/Siah-1 Interacting Protein
  Cdc37/*CDC37*          Cell division cycle 37
  CHIP/*STUB1*           Carboxyl terminus of Hsp70-interacting protein
  CHP-1/*CHORDC1*        Cysteine and histidine rich domain containing protein 1
  Cpr7/*CPR7*            Peptidylprolyl isomerase CPR7
  FKBP51/FKBP5           FK506 binding protein 5
  FKBP52/*FKBP4*         FK506 binding protein 4
  PP5/*PP5*              Protein phosphatase 5
  p23/*PTGES3*           Co-chaperone p23
  Sgt1/*SUGT1*           Suppressor-of-G2-allele-of-skp1
  STI1/Hop/*STI1*        Stress-inducible phosphoprotein 1/Hop
  USP19/*USP19*          Cytoplasmic Ubiquitin-Specific Protease 19
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###### 

Hsp90 co-chaperones and their involvement in processes related to neurodegeneration.

  Co-Chaperone   Cellular Processes                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             Disease
  -------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -------------------
  Aha1           Enhances tau aggregation and increases accumulation of insoluble forms; overexpression of Aha1 in a mouse model causes neuronal loss and cognitive impairments \[[@B112-ijms-20-04976]\]                                                                                                                                                                                                                                                                                                                                                                                       AD
  CacyBP/SIP     dephosphorylates tau \[[@B49-ijms-20-04976]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  AD
  Cdc37          Cdc37 co-localizes with tau in neuronal cells; interacts with tau from human brain; knock-down of Cdc37 alters tau phosphorylation \[[@B51-ijms-20-04976]\]Suppression of Cdc37 destabilizes tau and leads to its clearance \[[@B53-ijms-20-04976]\]Responsible for LRRK2 and Pink1 stabilization \[[@B75-ijms-20-04976],[@B77-ijms-20-04976]\]Influences subcellular distribution of Pink1 \[[@B76-ijms-20-04976]\]                                                                                                                                                           AD, PD
  CHIP           Promotes tau ubiquitination \[[@B53-ijms-20-04976]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           AD
  CHP-1          Present in LB of PD \[[@B71-ijms-20-04976]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   PD
  Cpr7           Involved in yeast prion \[URE3\] maintenance \[[@B99-ijms-20-04976]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          Prionopathies
  FKBP51         Up-regulated in aged and AD brain \[[@B56-ijms-20-04976]\]Influences tau stabilization \[[@B57-ijms-20-04976],[@B58-ijms-20-04976]\]Knock-down of FKBP51causes decrease in total tau level; overexpression of FKBP5 causes an increase in phosphorylated and total tau level \[[@B57-ijms-20-04976]\]                                                                                                                                                                                                                                                                          AD
  FKBP52         Low level in AD brains \[[@B59-ijms-20-04976]\]Overexpression of FKBP52 has no effect on phosphorylation and total tau level \[[@B57-ijms-20-04976]\]Detected together with tau in the autophagy-endolysosomal system; decreased level correlates with NFT formation \[[@B59-ijms-20-04976]\]Induces aggregation of the pathological tau mutant, tau-P301L \[[@B100-ijms-20-04976],[@B101-ijms-20-04976]\]                                                                                                                                                                     AD
  PP5            Dephosphorylates tau \[[@B48-ijms-20-04976],[@B50-ijms-20-04976]\]Has lower activity in AD brain \[[@B48-ijms-20-04976]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                      AD
  p23            Depletion of p23 causes significant decrease in total and phosphorylated tau level \[[@B42-ijms-20-04976]\]Contributes to neurotoxicity in PD \[[@B80-ijms-20-04976]\]                                                                                                                                                                                                                                                                                                                                                                                                         AD, PD
  Sgt1           Absent in LB of PD brain \[[@B71-ijms-20-04976]\]Decreased level in AD brain \[[@B55-ijms-20-04976]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                          PD, AD
  STI1/Hop       Influences clearance of tau \[[@B54-ijms-20-04976]\]Co-immunoprecipitates with PrP \[[@B87-ijms-20-04976]\]PrPc-STI1 influences sensitivity to cell death within the nervous tissue \[[@B87-ijms-20-04976]\]Promotes neuroprotection and neuritogenesis \[[@B88-ijms-20-04976],[@B90-ijms-20-04976],[@B91-ijms-20-04976]\]PrPc-STI1 activates protein synthesis through the PI3K--Akt--mTOR and ERK1/2 pathways \[[@B91-ijms-20-04976]\]Prevents formation of the Aβ oligomers \[[@B97-ijms-20-04976]\]Mediates curative effect on \[*PSI+*\] prion \[[@B98-ijms-20-04976]\]   AD, prionopathies
  USP19          Increases HTT level, promotes aggregation of the polyQ-expanded HTT \[[@B82-ijms-20-04976]\]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   HT
